Mammalian kidneys play an essential role in balancing internal water and salt concentrations. When water needs to be conserved, the renal medulla produces concentrated urine. Central to this process of urine concentration is an osmotic gradient that increases from the corticomedullary boundary to the inner medullary tip. How this gradient is generated and maintained has been the subject of study since the 1940s. While it is generally accepted that the outer medulla contributes to the gradient by means of an active process involving countercurrent multiplication, the source of the gradient in the inner medulla is unclear. The last two decades have witnessed advances in our understanding of the urine-concentrating mechanism. Details of medullary architecture and permeability properties of the tubules and vessels suggest that the functional and anatomic relationships of these structures may contribute to the osmotic gradient necessary to concentrate urine. Additionally, we are learning more about the membrane transporters involved and their regulatory mechanisms. The role of medullary architecture and membrane transporters in the mammalian urine-concentrating mechanism are the focus of this review.
Introduction
Maintaining water homeostasis and balancing water intake with loss, is essential for health maintenance and life. Mammalian kidneys can adjust the concentration of urine in response to hydration status; conserving water by concentrating the urine when the body is dehydrated and diluting the urine when water is in excess. Water excretion is regulated independently from solute excretion thereby allowing urine osmolality to vary while blood osmolality remains near constant (Jamison and Gehrig 2011) .
The ability to concentrate urine varies across species with urine osmolality in humans ranging from 20 to 1200 mOsm Communicated by I. D. Hume. kg − 1 H 2 O (Jamison and Gehrig 2011) and exceeding 9000 mOsm kg − 1 H 2 O in the Australian hopping mouse (Beuchat 1996) . Although water availability is a main factor influencing urine concentration, anatomical differences between species (Bankir and Rouffignac 1985) , metabolic rate (Aw et al. 2018; Beuchat 1996) , protein content in diet (Bankir and Kriz 1995) , and gender (Perucca et al. 2007 ) may also have a role.
The kidneys maintain an axial osmotic gradient from the corticomedullary boundary to the inner medullary tip. The cortical tissue is isotonic to the plasma and that of the inner medullary tip is hypertonic to the plasma (Knepper 1982) . This gradient, formed mainly by NaCl and urea, becomes steeper during antidiuresis and decreases in magnitude during diuresis (Jamison and Gehrig 2011) .
The renal medulla is the main site of urinary concentration and dilution where the vasa recta, loops of Henle, and the collecting ducts (CDs) participate in the countercurrent and co-current exchange of water and solutes (Lemley and Kriz 1987) . In the outer medulla (OM), the osmotic gradient is generated by the active reabsorption of NaCl from the thick ascending limbs (TALs) of Henle's loop (Burg 1982) . The source of the gradient in the inner medulla (IM) is unknown and although controversial, may involve the passive diffusion of NaCl into the inner medullary interstitium from the ascending thin limbs of Henle's loop (ATLs) (Kokko and Rector 1972; Stephenson 1972) (Fig. 1) .
Medullary blood flow and hormone regulation have important roles in the urine-concentrating mechanism. The countercurrent exchange of water and solutes between the ascending vasa recta (AVR) and descending vasa recta (DVR) and the interstitium preserves the osmotic gradient by preventing the rapid transfer of solutes away from the medulla (Pallone et al. 2012) . Decreased medullary blood flow increases urine osmolality and may be regulated by the vasoconstrictive actions of the antidiuretic hormone arginine vasopressin (AVP) (Franchini and Cowley 1996) . AVP acts on several mammalian nephron sites (Skorecki et al. 2011 ) but it exerts its greatest effect on the CDs to reduce urinary water excretion by increasing water permeability and expediting water reabsorption from the CDs back into the circulation (Jamison and Gehrig 2011) .
Early studies of inner medullary structure (Kriz 1981; Lemley and Kriz 1987 ) and more recent three-dimensional reconstructions of the IM Pannabecker et al. 2008a) suggest that the arrangement of tubular and vascular structures are important for urine concentration. These later studies used mathematical modeling to reveal how the permeability properties of nephron segments and their three-dimensional arrangements may contribute to urine concentration in the IM (Layton et al. 2004; Pannabecker et al. 2008a) .
Urea plays an essential role in urine concentration (Gamble et al. 1934; Sands and Layton 2014; Yang and Bankir 2005) and specific transporters for urea have been characterized (Sands and Blount 2014) . Water transport via aquaporins (AQPs) (Nielsen et al. 2002) and sodium transport via the Na + -K + -2Cl − cotransporter 2 (NKCC2) in the TALs (Ares et al. 2011; Mount 2014 ) also contribute to the urine-concentrating mechanism.
In this review, we briefly summarize the main concepts underlying the mammalian urine-concentrating mechanism. More comprehensive discussions can be found elsewhere (e.g., Pannabecker 2013; Sands and Layton 2014) . We then focus on renal medullary architecture and membrane transporters that contribute to the urine-concentrating mechanism, highlighting recent developments. 
Role of the outer medulla

Countercurrent multiplication
The generally accepted model of the urine-concentrating mechanism first proposed by Kuhn and Ryfell (1942) and modified over the years involves countercurrent multiplication. The multiplication of a small osmolality difference between countercurrent flows in the limbs of Henle's loop at each level in the OM establishes a large corticomedullary osmolality gradient (Gottschalk and Mylle 1959) . This gradient is maintained by the active reabsorption of NaCl from the TALs into the interstitium which raises the interstitial osmolality and promotes the reabsorption of water from the thin descending limbs of Henle's loop (DTLs) and CDs (Burg 1982; Gottschalk and Mylle 1959; Lassiter et al. 1961 ).
Alternatives to countercurrent multiplication
The countercurrent multiplication model assumes that the opposing flows in the loops are in proximity to one another. However, the DTLs of short-looped nephrons are located close to or within vascular bundles and are, therefore, separated anatomically from the TALs (Kriz 1981) . Additionally, since the water channel AQP1 is not (or is weakly) expressed in the lower portion of the DTLs in the short-looped nephrons Wade et al. 2000; Zhai et al. 2007 ) the contribution of these sections to water reabsorption is questionable. An alternative to the countercurrent multiplication model involves active NaCl reabsorption without accompanying water reabsorption from the short-looped DTLs . In this model, the osmolality gradient is sustained by an increasing ratio of NaCl relative to water as a function of depth in the OM. Most water is absorbed in the upper OM from the long-looped DTLs and CDs, and therefore, the water load in the deep OM is low. Higher Na + -K + -ATPase activity in the deep OM promotes greater NaCl reabsorption from the TALs .
Kangaroo rats have the ability to produce urine that is more concentrated than the maximum concentrated urine of common laboratory rats (6000 H 2 O vs. 3000 mOsmol kg − 1 H 2 O; Beuchat 1996). Aw et al. (2018) reported that outer medullary Na + -K + -ATPase is higher at the activity, protein, and mRNA levels in the kangaroo rat than in Munich-Wistar and Sprague-Dawley rats. Thus, higher Na + -K + -ATPase activity may be a contributing factor to a steeper osmotic gradient, and therefore, higher maximal urine concentrating ability in kangaroo rats. This also supports the hypothesis that active NaCl transport, rather than countercurrent multiplication is key to the generation of the osmotic gradient in the OM .
Role of the inner medulla
Passive mechanism
The commonly cited mechanism for urine concentration in the IM is the passive mechanism proposed by Kokko and Rector (1972) and Stephenson (1972) . In this model, the continuous diffusion of urea into the inner medullary interstitium from the inner medullary collecting duct (IMCD) raises the interstitial urea concentration, drawing water from the DTLs and IMCD and consequently reducing the interstitial NaCl concentration. The DTLs with low NaCl and urea permeability continuously deliver fluid high in NaCl to the ATLs so that the ATL fluid has a higher NaCl concentration but lower urea concentration than the interstitium. Under these conditions, NaCl will tend to diffuse out and urea will tend to diffuse into the ATLs (Fig. 1) . However, if urea permeability is lower than that of NaCl in the ATL, NaCl efflux will exceed urea influx. The result is a dilution of ATL fluid that flows away from the IM, elevating the interstitial osmolality at each level as it ascends.
Alternatives to the passive mechanism
The passive model has failed to gain general acceptance as inconsistencies exist between measured urea and NaCl permeabilities in the loops of Henle and proposed steady-state models for inner medullary solute concentration (reviewed by Knepper et al. 2003) . As a result, several alternative hypotheses have been proposed. Osmotically active particles such as lactate could act as concentrating agents in the IM (Hervy and Thomas 2003; Jen and Stephensen 1994; Thomas 2000) or pelvic wall contractions could serve as an energy source for the concentrating process (SchmidtNielsen 1995) with hyaluronan acting as a mechano-osmotic transducer to convert contractions into an osmolality gradient (Knepper et al. 2003) . However, these alternatives have not yet been explored further experimentally and the inner medullary concentrating mechanism remains an enigma.
Medullary functional architecture
Architecture and tubular fluid flows
Tubule functional heterogeneity plays an important role in the process of solute recycling between nephron segments, vasa recta and the interstitium and production of the corticomedullary solute gradient. Nephron and blood vessel segments, which exhibit solute-specific epithelial transport pathways, are juxtaposed in a highly organized fashion throughout the medulla. The discrete juxtapositions of these nephrons and vessels underlie specific solute exchange, cycling and sequestration processes that are related to the urine-concentrating mechanism and medullary and renal function more generally (Chen et al. 2009a (Chen et al. , b, 2010 Fry et al. 2014; Knepper and Roch-Ramel 1987; Layton et al. 2010; Layton 2011; Lemley and Kriz 1987; Pannabecker and Layton 2014; Pannabecker et al. 2008a; Thomas and Wexler 1995; Wang et al. 1998 ). Therefore, a detailed understanding of the renal functional architecture is needed for developing a more complete understanding of the preferential fluid and solute flows that occur between the many tubular and interstitial compartments throughout the medulla to produce the axial solute gradient.
The medulla consists of distinct structurally defined zones that lie along the corticomedullary axis and regions that lie perpendicular to (lateral to) the corticomedullary axis. In most rodents, the OM consists of two zones including the outer stripe of the outer medulla (OSOM) and the inner stripe of the outer medulla (ISOM) (Fig. 2) and two lateral regions including the vascular bundle and the interbundle regions ( Fig. 3) (Bankir and De Rouffignac 1985; Lemley and Kriz 1987) . Vascular bundles lie within the vascular bundle regions and are absent from the interbundle regions. The IM, as reported for rat, kangaroo rat and human, also consists of two zones that include an outer zone and an inner zone (also referred to as the upper and lower inner medulla, respectively) ( Fig. 2) and two lateral regions that include the intracluster and intercluster regions Pannabecker et al. 2008b; Urity et al. 2012; Wei et al. 2015) (Fig. 3) . Clusters of CDs lie within the intracluster regions and are absent from the intercluster regions. The two lateral regions of the ISOM and inner medulla are shown in transverse tissue sections in Fig. 4 .
The following two sections summarize the axial zonation and lateral regionalization of the medulla and the tubulovascular morphology that have been studied primarily in the rat, mouse, hamster, chinchilla and kangaroo rat.
Nephron and collecting duct segmentation
In the rat, there are about 7000 largely unbranched CD segments in the OM, and they gradually coalesce as they descend through the IM (Oliver 1968; Saxen 1987) . (Pannabecker and Dantzler 2007) . CDs consist of two cell types in the OM, the intercalated and principal cells, at about a 2:3 ratio. Approximately, 10% of the CD cells in the initial third of the IM are intercalated, whereas CDs of the terminal two-thirds of the IM consist of a single structurally and functionally distinct cell type, the "IMCD" cell (Christensen et al. 2012; Clapp et al. 1989; Madsen et al. 1988) .
Each medullary nephron descends from its originating glomerulus and enters the OSOM as the loop of Henle, which consists of the pars recta of the proximal tubule, the DTL, the ATL (in long-looped nephrons only) and the TAL (Christensen et al. 2012) . While the OSOM and its distinctive nephron and vascular architecture have been well defined in the rodent kidney Lemley and Kriz 1987; Zhai et al. 2006) , the architecture of the superficial OM in the human and pig kidney is less clear. Several past observations (Kriz 1981; Peter 1909 ) and one recent preliminary report (Pannabecker and Rosen 2017) suggest that the human and pig OSOM is minimal or absent altogether. In the latter two species, unlike the rodent, the medullary rays appear to dominate the corticomedullary boundary, fusing with composite groupings of venous vasa recta, CDs and TALs in the superficial OM.
There are two types of medullary nephrons based on morphological criteria: short-looped nephrons and long-looped nephrons. The short-looped nephron forms a 180° bend in the OM. In most species, the bends appear at all levels in the OM, with most bends forming near the OM-IM boundary; however, in the human and pig, the bend also forms in the cortex (Kaissling and Kriz 1992) . By contrast, the longlooped nephrons form their bend in the IM, also at all levels in most species. As a consequence, the total nephron number at each transverse level gradually declines with depth below the cortex.
In the mouse, three types of bends have been identified in the short-looped nephron, with the junction between the DTL and the TAL of the short-looped nephron occurring prior to, within or following the bend (Zhai et al. 2006 ). TALs of short-looped and long-looped nephrons lie in the OM and medullary rays and labyrinth of the cortex.
The thin limbs of Henle's loops are structurally and functionally heterogeneous Knepper 1992, 1993; Nawata et al. 2014) , with the short-looped DTL consisting of the type 1 epithelium. The long-looped DTL consists (2015), with permission sequentially of the type 2 and 3 epithelia, and a short prebend segment and the ATL consist of the type 4 epithelium (Bachmann and Kriz 1982; Jamison and Kriz 1982; Kaissling and Kriz 1992; Kriz 1981; Schwartz et al. 1979; Schwartz and Venkatachalam 1974; Zhai et al. 2006) . The ATL abruptly transitions into the TAL of the ISOM. TALs of the inner stripe are morphologically distinct from those of the OSOM and cortex, exhibiting greater cell height, more abundant mitochondria, and deeper and more extensive and complex invaginations of the basal plasmalemma (Kone et al. 1984) .
Water reabsorption by the long-looped DTLs plays an important role in osmotic equilibration between the luminal fluid and the interstitium, and equilibration is considered to be required in the urine-concentrating mechanism. In the mouse, significant convolutions in the outer part of the ISOM increase the length of this segment by approximately 27%, potentially contributing to effective fluid reabsorption and a high urine-concentrating ability in this species (Zhai et al. 2006 ). There is little or no expression of the water channel AQP1 in the short-looped DTL of the rat and mouse (Wei and Pannabecker, unpublished; Zhai et al. 2007) , and in the absence of expression of other AQPs in the descending thin limbs, it seems unlikely that water channels play a significant role in water reabsorption in the short-looped DTLs. One published study reported a significant water permeability in these segments in the hamster; however, this study has not been replicated and the authors reported difficulty in distinguishing between segment types 1 and 2 in vitro (Imai et al. 1984) . It has been shown in the rat and kangaroo rat IM that AQP1 is expressed along only approximately 40% of the length of the inner medullary portion of the long-looped DTL. In other words, the expression of AQP1 along the length of the long loop DTL is proportional to the depth at which that segment forms its bend (Pannabecker and Dantzler 2004, 2008; Urity et al. 2012 ). For most long-looped DTLs, AQP1 is expressed continuously through the OM; however, for those DTLs that form a bend within the first millimeter below the OM-IM boundary, AQP1 is expressed along partial lengths of the outer medullary segments, and there is no detectable expression in the inner medullary segments.
The inner medullary DTL segments that express AQP1 are positioned in the intercluster region (Fig. 3) . As each thin limb descends through the IM, it gradually approaches a neighboring CD cluster region, and the terminal portion of its AQP1-negative segment continues its descent within the intracluster region before forming a 180° bend, also within the intracluster region (Westrick et al. 2013 ). Distal to the bend, the ascending segment then rises towards the OM-IM border and gradually moves into the intercluster region at approximately the same level at which its descending segment entered the cluster region.
Vasa recta segmentation
The OM of rats, mice and other rodents is characterized by vascular bundles that are more complex than the simple type found in the rabbit, pig, human and other mammals (Bankir and De Rouffignac 1985; Kriz 1981) . The "complex" and "simple" type of medulla, as represented in these species, correlates with high and low urine-concentrating ability, respectively. In mammals that have the simple type of medulla (e.g., rabbits, pigs, and humans) (Bankir and De Rouffignac 1985; Pannabecker 2013) , the short-looped DTLs lie within the interbundle region alongside long-looped DTLs, CDs, TALs and branching AVR networks. However, in rodents (e.g., rats, mice and kangaroo rats), which have the complex type of medulla, the short-looped DTLs may be closely associated within or immediately adjacent to the vascular bundles.
The outer medullary vascular bundles consist of DVR (the arterial segments), which arise from efferent arterioles of juxtamedullary glomeruli, and AVR (the venous segments). Within the bundles, both vessel types exhibit little or no branching. DVR terminate at variable depths in their descent along the corticomedullary axis, at which point they connect to a capillary that joins an interbundle network of branching (venous) AVR (Moffat and Fourman 1963; Pallone et al. 2003; Rollhauser et al. 1964 ). In the rat, the venous capillary networks in the OSOM and the outer part of the ISOM ascend within the interbundle region to join the intrarenal veins at the corticomedullary boundary; whereas at least some of the venous capillary networks in the inner part of the ISOM join the AVR within the vascular bundles before joining the intrarenal veins (Kriz 1982; Yamamoto et al. 1984) . The existence of separate capillary flows in the networks of the OSOM and the ISOM would imply that a degree of functional independence may exist between the OSOM and the ISOM in the rat. By contrast, in the mouse, no connections were observed between the capillaries of the interbundle networks and the AVR within the bundles in three-dimensional reconstructions along the entire corticomedullary axis of the OM (Ren et al. 2014) .
No differences in the cellular structure of non-branching and branching AVR have been identified. While fluid and solute permeabilities have never been experimentally quantified in non-branching and branching AVR, both types are covered with plaques of fenestrae and are considered to have very high permeability to water and small solutes (MacPhee and Michel 1995; Michel and Curry 1999; Pallone et al. 1994 Pallone et al. , 2003 .
In the IM, the intercluster regions include a vascular bundle consisting of non-branching vessels. The intracluster regions include networks of branching AVR that are relatively sparse compared to the capillary networks of the ISOM. The inner medullary DVR connect to capillaries that join the intracluster AVR networks at variable depths along the corticopapillary axis. DVR that extend into the deep papilla enter into a zone consisting primarily of branching AVR, some of which ascend through the vascular bundles as non-branching AVR. Offshoots of AVR within the intracluster capillary networks connect to AVR within a vascular bundle along the corticomedullary axis of the IM (Kim and Pannabecker 2010; Kriz 1982; Yuan and Pannabecker 2010) .
Branching AVR and CDs are closely juxtaposed within the intracluster region, and they maintain this close abutment with each other throughout the entire inner medulla forming microdomains of interstitial space known as "interstitial nodal spaces" (Pannabecker and Dantzler 2006) . Interstitial nodal spaces are bounded by a single CD, two AVR and one or two ATLs that lie opposite the CD (Fig. 5) . This arrangement gives rise to distinct countercurrent flows, with the CDs carrying fluid and solutes toward the tip of the papilla, and the AVR and ATLs carrying fluid and solutes in a cortical direction. Interstitial nodal spaces may be capped by interstitial cells that lie approximately 1-10 µm apart along the corticomedullary axis (Lemley and Kriz 1991) to form stacks of interstitial nodal space compartments. It has been proposed that these compartments serve as chambers for localized mixing of urea from the CDs and NaCl from the ATLs in support of the urine-concentrating mechanism (Layton et al. 2009 (Layton et al. , 2012 .
Transporters
Aquaporins (AQPs)
Thirteen mammalian AQP isoforms have been identified so far with at least nine of these expressed in the kidney (Michalek 2016) . AQP 1, 2, 3, and 4 are the most studied in the kidney and based on knockout studies, AQP 1, 2, and 3 are essential for urine concentration (Fenton and Knepper 2007; Nielsen et al. 2002) . Ultrastructure of interstitial nodal spaces in a transverse ultrathin section from kangaroo rat inner medulla. Interstitial nodal spaces are marked with an X. AVR fenestrated ascending vasa recta, ATL ascending thin limb, CD collecting duct. Section is from midway between the outer medullary-inner medullary boundary and papilla tip. Scale bar 10 µm. Reproduced from Issaian et al. (2012) , with permission 1 3 AQP 2, 3, and 4 can be regulated acutely and chronically by phosphorylation events stimulated by AVP. When AVP binds to its receptors (V2R) in the basolateral membrane of CDs, intracellular cAMP levels are increased, protein kinase A (PKA) is activated, and phosphorylation takes place (Boone and Deen 2008) . Acute increases in AVP promote the translocation of AQP2-containing vesicles to the apical plasma membrane (Nielsen et al. 2002) . Chronically elevated levels of circulating AVP, water deprivation, and desmopressin (dDAVP) administration have been shown to increase the abundance of AQP2 and AQP3 Terris et al. 1996) and AQP4 (Poulsen et al. 2013; van Hoek et al. 2009 ). The regulation of AQPs by AVP has been well documented and several reviews are available (e.g., Boone and Deen 2008; Jung and Kwon 2016; Nielsen et al. 2002) .
AQP1
AQP1 contributes to constitutive water permeability and is expressed in the apical and basolateral plasma membranes of the proximal tubule, DTLs, and DVR Zhai et al. 2007) (Fig. 6) . The axial heterogeneity of AQP1 expression in DTL segments Wade et al. 2000; Zhai et al. 2007 ) closely parallels the water permeability characteristics of these sections Knepper 1992, 1993; Nawata et al. 2014) . Humans lacking functional AQP1 (King et al. 2001) and AQP1 knockout mice ) have impaired urine-concentrating ability.
AQP2
AQP2 is expressed in the apical and basolateral plasma membranes as well as in subapical vesicles in the CDs (Figs. 6, 7) . CD segments are nearly impermeable to water in the absence of AVP, except the terminal IMCD which has moderate water permeability in the absence of AVP (Sands et al. 1987) . Mutations in the AQP2 gene cause nephrogenic diabetes insipidus in humans (Rutishauser and Kopp 1999), and rats with lithium-induced diabetes have reduced AQP2 expression . Rats and mice with streptozotocin (STZ)-induced diabetes have increased AQP2 expression (e.g., Bardoux et al. 2001; Satake et al. 2010) which is thought to be a compensatory mechanism to alleviate dehydration due to polyuria (Nejsum et al. 2001; Kim et al. 2003; Satake et al. 2010 ).
AQP3
AQP3 is expressed in the basolateral membranes of the CDs in the cortex, OM, and IM (Figs. 6, 7) with highest Frigeri et al. 1995; Ishibashi et al. 1994; Ma et al. 1994 ). The importance of AQP3 for urine concentration is demonstrated in AQP3 knockout mice that exhibit impaired urine concentration with severe polyuria . However, these knockouts also have decreased AQP2 in the cortex which may contribute to the polyuria (Nielsen et al. 2002) . AQP3 protein expression increases when rats are dehydrated for two days Terris et al. 1996) . AQP3 also increases in rats unable to produce AVP (Brattleboro rats) after they are infused with AVP for 5 days .
AQP4
AQP4 co-localizes with AQP3 in the basolateral membrane of the IMCD (Figs. 6, 7) , with strongest expression near the base of the IM and weaker expression in the tip of the IM (Frigeri et al. 1995; Terris et al. 1995) . AQP3/AQP4 double knockouts have a much greater urine-concentrating defect than single AQP3 knockouts , and AQP4 knockouts have only a mild concentrating defect (Chou et al. 1998; Ma et al. 1997) . Isolated IMCDs from AQP4-null mice display a four-fold reduction in AVP-stimulated water permeability (Chou et al. 1998 ). Thus, AQP4 may be responsible for the majority of the AVP-stimulated basolateral water movement in the IMCD, whereas AQP3 may have a greater role in the more proximal regions of the CD (Nielsen et al. 2002) . Terris et al. (1996) reported that AQP4 expression in Sprague-Dawley rats was unresponsive to water restriction, and 5-day AVP administration in Brattleboro rats did not change AQP4 expression. However, van Hoek et al. (2009) showed that 8-day administration of dDAVP to Brattleboro rats increased AQP4 expression. In another study, 6-day infusion of dDAVP in Brattleboro rats increased the AQP4 protein abundance in first third of the IMCD (IMCD1) and decreased in the remaining two-thirds of the IMCD (IMCD2 and IMCD3) (Poulsen et al. 2013 ).
Regulators of AQP2
In their review, Olesen and Fenton (2017) discuss the recent concept that V2R-mediated AQP2 membrane targeting is not dependent on cAMP and that other mechanisms may be involved. Indeed, there are many mediators or hormones that regulate AQP2 and they can act either dependently or independently of AVP and the cAMP-PKA pathway. In vitro and in vivo studies have shown that hyperosmolality increases AQP2 abundance independent of AVP stimulation (Hasler et al. 2009 ) and tonicity response element-binding protein is likely involved (Hasler et al. 2009; Lam et al. 2004 ). The hormones of the renin-angiotensin-aldosterone system, angiotensin II (Lee et al. 2007 ) and aldosterone (Hasler et al. 2009 ) have been reported to regulate AQP2. Other AQP2 regulators include oxytocin and secretin (Bai et al. 2017 ), integrin-linked kinase (Cano-Penalver et al. 2014), insulin, nuclear factor κβ, fluid shear stress, extracellular pH, glycogen synthase kinase 3, 14-3-3 proteins, and phosphatases [reviewed by Hasler et al. (2009), Jung and Kwon (2016) ]. Inhibitors of AQP2 include bradykinin, nitric oxide, adenosine, ATP, and endothelin (reviewed by Olesen and Fenton 2017; Pearce et al. 2015) . Some other recent findings involving AVP-dependent and AVP-independent control of AQP2 are described in the following section.
AVP-dependent control of AQP2
PGE 2 , EP3, EP4, PRR
The lipid mediator prostaglandin E2 (PGE 2 ) has four G-protein coupled receptors (EP1-4) throughout the nephron segments . PGE 2 or sulprostone (an agonist for EP1 and EP3) decreases AVP-induced water reabsorption and AQP2 membrane targeting, while EP2 and EP4 are associated with increased AQP2 abundance (Olesen et al. 2011 (Olesen et al. , 2016 . A study by Hassouneh et al. (2016) reported that in STZ mice, EP3 is upregulated and cortical and medullary AQP2 is decreased. The discrepancy between this finding and previous reports (e.g., Bardoux et al. 2001 ) that demonstrated increased AQP2 in STZ mice may be due to differences in species, stage, or strain used in the studies (Hassouneh et al. 2016 ). When EP3 is deleted in STZ mice, AQP2 expression increases, and therefore, EP3 may be responsible for renal resistance to AVP (Hassouneh et al. 2016 ). EP4 appears to have a role in AQP2 membrane targeting and abundance. In the medullary tissue of waterdeprived mice, EP4 is increased and EP4 knockouts have impaired urine concentration with decreased AQP2 expression and membrane targeting .
Prorenin receptor (PRR), a component of renin-angiotensin-aldosterone system, regulates prorenin and renin catalytic activity (Nguyen et al. 2002) and is expressed in the intercalated cells of the CD (Advani et al. 2009 ). PRR knockout mice have decreased urine osmolality, increased urine volume, and reduced medullary AQP2 protein (Ramkumar et al. 2015; Wang et al. 2016a) . Water restriction increases the PPR protein levels in rat kidneys (Tamura et al. 2016; Wang et al. 2016a ) and water-restricted rats infused with an inhibitor that interrupts the binding of prorenin to PRR, have reduced AQP2 expression . Based on studies in IMCD cells, Wang et al. (2016a) proposed a linear pathway for AQP2 regulation and expression in the water-restricted rat (AVP → PGE 2 → EP4 → PRR). AVP stimulates PGE 2 release that sequentially activates the EP4 receptor and PRR; PRR then stimulates an increase in AQP2 expression which enhances urine concentration.
3
Soluble prorenin receptor (sPRR) is produced by the intracellular cleavage of PRR (Cousin et al. 2009 ) and is increased in the urine ) and plasma (Tamura et al. 2016 ) of water-restricted rats. The biological role of sPRR is unknown, but Lu et al. (2016) found that sPRR increased AQP2 protein in rat IMCD cells and this process relied on frizzled-8-dependent β-catenin signaling and cAMP-PKA pathways.
FXYD1
FXYD proteins are a family of small membrane proteins that regulate the transport properties of Na + -K + -ATPase, and several FXYD members are present in the kidney (Geering 2006) . FXYD1 is expressed in the IMCDs of mice and dDAVP treatment induces dephosphorylation of FXYD1 and translocation of FXYD1 and AQP2 to the apical plasma membrane (Arystarkhova et al. 2017) . FXYD1 knockout results in dilute daytime urine with lower AQP2 abundance in the IM and reduced AQP2 retention in the apical membrane. Therefore, the role of FXYD1 may be to enhance AQP2 retention in the apical membrane of the IMCD (Arystarkhova et al. 2017).
Purinergic P2Y 12 receptor (P2Y 12 -R)
P2Y 12 -R, a G-protein coupled purinergic receptor found mostly on platelets, functions as a chemoreceptor for ADP and reduces cAMP levels (Dorsam and Kunapuli 2004) . P2Y 12 -R is also present in the rat kidney and inhibition of this receptor results in increased urine concentration and AQP2 protein in Sprague-Dawley rats but not in Brattleboro rats (Zhang et al. 2015) . Furthermore, blocking P2Y 12 -R in primary rat IMCD cells treated with dDAVP potentiates the expression of AQP2 and AQP3 and increases cAMP production (Zhang et al. 2015) .
AVP-independent control of AQP2
Micro-RNA
Micro-RNA (miRNA) are small non-coding RNA molecules that modulate post-transcriptional regulation of gene expression by inhibiting translation of target mRNA (Bartel 2004) . Luo et al. (2014) showed that miR-466a-3p and related miRNAs were downregulated by dDAVP in murine IMCD3 cells and transgenic overexpression of miR-466a-3p led to a downregulation of AQP2 and other osmoregulationassociated genes in the mouse cortex and medulla. Later, Kim et al. (2015) identified two miRNAs (miR-32 and miR-137) that attenuated dDAVP-induced AQP2 expression in mouse collecting duct (mpkCCD c14 ) cells. AQP2 translation was also decreased in these cells when transfected with miR-32 and miR-137 mimics (Kim et al. 2015) .
Nuclear receptors
Nuclear receptors are ligand-activated nuclear transcription factors that regulate gene transcription and expression by binding to hormone response elements in the promoter regions of genes (Sever and Glass 2013) . Liver X receptor (LXR) is involved in lipid homeostasis, however, it has been reported to regulate renal transporters (Soodvilai et al. 2012) . Lu et al. (2016) reported that activation of LXR in mice-induced polyuria and reduced expression of AQP2 and PRR, an effect that was reversed with a PRR agonist. LXR exists as α and β isoforms, and therefore, this reduction of AQP2 may be due to LXRα since LXRβ activation increases the abundance of AQP2 protein (Su et al. 2017 ). Other nuclear receptors implicated in water regulation via AQP2 in the CDs include peroxisome proliferator-activated receptor gamma, glucocorticoid receptor, mineralocorticoid or aldosterone receptor, farnesoid X receptor, and estrogen receptor alpha (reviewed by Zhang et al. 2016) .
Phosphorylation
Although AVP is the main stimulator of AQP2 phosphorylation, other mechanisms have been described. Recently, it was reported that adenosine monophosphate kinase (AMPK) activated by the antidiabetic drug metformin can phosphorylate AQP2 and increase its expression and membrane accumulation in rat IMCDs (Klein et al. 2016a ). However, Al-bataineh et al. (2016) demonstrated that AMPK does not significantly phosphorylate AQP2 directly, suggesting that the AMPK effect is likely indirect and mediated by other kinases or phosphatases.
Ubiquitin ligases (E3 ligases)
Another factor that influences the abundance of AQP2 is degradation via the ubiquitin pathway (Jung and Kwon 2016) . E3 ligases are responsible for catalyzing the ligation of ubiquitin to its substrate (Dikic and Robertson 2012) . In their study, Wu et al. (2018) found that E3 ligase CHIP could directly ubiquitinate AQP2 in vitro, and deletion of CHIP in mice resulted in increased AQP2 abundance, decreased urine volume, and increased urine osmolality. Centrone et al. (2017) reported that CHIP overexpressed in mouse CD cells increases AQP2 degradation and heat shock protein 70 abundance. The authors hypothesize that heat shock protein 70 tethers to the E3 ligase MDM2 which is directly involved in the ubiquitination and proteasomal degradation of AQP2, while CHIP acts as a chaperone for AQP2 and anchoring protein for MDM2. In another study, Trimpert et al. (2017) showed that knockdown of the E3 ligases NEDD4 and NEDD4L in mpkCCD cells increased AQP2 abundance. They concluded that NEDD4 and NEDD4L mediate the ubiquitination and degradation of AQP2 via the NEDD4 family interacting proteins 1 and 2 which directly interact with AQP2.
Urea transporters
There are two families of urea transporters; UT-A (Slc14A2) isolated originally from rabbit IM (You et al. 1993) and UT-B (Slc14A1) initially cloned from human bone marrow cells (Olives et al. 1994 ). Isoforms of UT-A and UT-B are expressed in several mammalian tissues and cell types and several non-mammalian urea transporters have also been identified (Sands and Blount 2014) . UT-A1, UT-A2, UT-A3, and UT-B1 are present in the kidney (Sands and Blount 2014) . UT-A4 is detected in the rat medulla but in very low abundance and the exact location in the nephron is unknown (Bagnasco et al. 2000; Karakashian et al. 1999) .
Knockout studies have proven useful for understanding the roles of urea transporters (UTs) in producing concentrated urine (Fenton and Yang 2014; Li et al. 2012) . The interest in developing UT inhibitors as diuretics has also stemmed from knockout studies (Klein and Sands 2016) . To investigate whether UT inhibitors can be developed into diuretics without serious side effects, Jiang et al. (2017) generated an all-UT knockout model. This knockout has a more severe urine-concentrating defect than any other single-or double-UT knockout (discussed later), but with little abnormality in extrarenal organs.
UTs are subject to both short-term and long-term regulation. Short-term regulation involves factors that alter membrane accumulation of UTs such as phosphorylation, ubiquitination, and glycosylation (Klein 2014) . Long-term regulation by water restriction or AVP (or dDAVP) administration influences the amount of urea transporter available (Klein 2014) .
Urea transport is influenced by many other factors including low-protein diet, osmotic diuresis, adrenal steroids, purinergic receptor (P2Y 2 ), electrolyte abnormalities, aging, angiotensin II, 14-3-3 proteins, and sialylation (reviewed by Klein 2014; Klein and Sands 2016) .
UT-A1
In the mammalian kidney, UT-A1 is expressed in the apical plasma membrane of the IMCD (Fig. 7) and is phloretin inhibitable (Bagnasco et al. 2001; Nielsen et al. 1996; Shayakul et al. 1996) . Because UT-A3 is essentially the amino-terminal half of UT-A1 (Karakashian et al. 1999) , it is not possible to create a UT-A1 knockout without simultaneously knocking out UT-A3. UT-A1/A3 double knockouts exhibit strong urine-concentrating defects with increased urine output and decreased urine osmolality . When UT-A1 is transgenically expressed in UT-A1/A3 double knockouts, maximal urine concentrating ability is restored ).
Regulation of UT-A1
Protein kinase A (PKA) AVP-mediated phosphorylation of UT-A1 leads to the apical plasma membrane accumulation of UT-A1. This occurs through two cAMP-dependent signaling pathways, PKA (Blount et al. 2008) and Epac (exchange protein activated by cAMP) (Wang et al. 2009 ). PKA phosphorylates UT-A1 at S486 and S499 and at least one of these serines must be phosphorylated to increase urea flux and UT-A1 accumulation in the apical plasma membrane (Blount et al. 2008) . Although the site of Epac phosphorylation is unknown, it does not occur at S486 or S499 .
Protein kinase C (PKC)
The role of PKCα in urine concentration was first reported by Yao et al. (2004) who noted modestly greater urine flow rate and modestly lower urine osmolality in mice lacking PKCα. Subsequent studies have shown that PKC regulates urea permeability in the rat IMCD and this is stimulated by hypertonicity and is independent of AVP (Klein et al. 2012; Wang et al. 2010 Wang et al. , 2013 .
According to Blount et al. (2015) , PKC-mediated phosphorylation of UT-A1 occurs at S494 and activators of cAMP pathways (PKA and Epac) do not increase phosphorylation at this site. They also found that ablating the S494 site decreases UT-A1 abundance in the plasma membrane and activation of the PKC pathway alone does not increase UT-A1 accumulation in the plasma membrane. Indeed, maximal increases in urea transport and increased plasma membrane accumulation of UT-A1 may require stimulation of both cAMP and PKC-signaling pathways (Wang et al. 2010 (Wang et al. , 2013 . The cAMP pathway promotes trafficking to the apical membrane and the PKC phosphorylation pathway results in increased retention in the apical membrane .
Adenosine monophosphate kinase (AMPK)
AMPK can also phosphorylate UT-A1. When activated by metformin, AMPK phosphorylated UT-A1 in rat IMCDs and increased urea permeability likely by activating UT-A1 already in the membrane and not by increasing apical membrane presence (Klein et al. 2016a ).
UT-A2
UT-A2 is expressed in the late part of the short-looped DTLs and in the early inner medullary part of the long-looped DTLs (Shayakul et al. 1997; Wade et al. 2000; Zhai et al. 2007) (Fig. 6) . UT-A2 is thought to play a role in intrarenal urea recycling between the DTLs and the ATLs and between the DTLs and the DVR (Wade et al. 2000) . Uchida et al. (2005) suggested that the role of UT-A2 may be to maintain high urea when the urea supply to the kidney is limited since UT-A2 knockouts have only mild urine concentrating defects and only when on a low-protein diet. UT-A2/UT-B double knockouts have less severe concentration defects than UT-B knockouts indicating that UT-A2 deletion in these doubleknockouts allows urea to accumulate in the IM because urea is not lost to the circulation from the DTLs (Lei et al. 2011) . UT-A2 may be involved in the long-term accumulation of urea in the IM since UT-A2-/UT-B-deficient mice were not able to accumulate urea in the IM after an acute urea load (Lei et al. 2011). Fenton and Yang (2014) suggest that UT-A2 contributes to urea accumulation in the IM during the transition from diuresis to antidiuresis rather than maintaining high urea under normal conditions.
Regulation of UT-A2
Urea flux through mouse UT-A2 stably expressed in MadinDarby canine kidney cells is phloretin inhibitable and acutely increased by AVP, forskolin, and increased intracellular calcium, but PKA may not be involved since the PKA inhibitor H89 has no effect on forskolin-stimulated flux (Potter et al. 2006) . UT-A2 protein and mRNA expression increases in the DTLs when rats are water-restricted or dehydrated (Bagnasco et al. 2000; Lim et al. 2006; Nawata et al. 2015; Smith et al. 1995) . In Brattleboro rats, dDAVP treatment during dehydration increased UT-A2 mRNA (Shayakul et al. 2000) and chronic infusion of dDAVP strongly increased UT-A2 protein expression (Wade et al. 2000) . In mice, UT-A2 mRNA increased after fluid restriction, likely resulting from stimulation of the UT-A promoter by cAMP (Fenton et al. 2002a ).
UT-A3
UT-A3 is expressed in the IMCD (Blount et al. 2007; Lim et al. 2006; Stewart et al. 2004; Terris et al. 2001) (Fig. 6) . While transgenic restoration of UT-A1 in UT-A1/A3 knockouts revealed a critical role for UT-A1 in urine concentration , the role of UT-A3 is less apparent. UT-A3 has been thought to be responsible for basolateral urea transport (Shayakul et al. 2001; Stewart et al. 2007) and has been detected in the basolateral membranes of mice and rat IMCD cells (Lim et al. 2006; Stewart et al. 2004 ).
However, Terris et al. (2001) localized UT-A3 to the apical membrane of rat IMCD cells. Later, Blount et al. (2007) showed that UT-A3 moves to the apical membrane when exposed to AVP and suggested that under basal conditions UT-A3 functions as a basolateral transporter (Fig. 7) .
Regulation of UT-A3
UT-A3 is phloretin inhibitable and regulated by cAMP, exhibiting increased urea flux when exposed to forskolin or AVP in heterologous systems (Fenton et al. 2002b; Karakashian et al. 1999; Shayakul et al. 2001; Stewart et al. 2007 ). The involvement of PKA in UT-A3 phosphorylation is not clear because deletion of the PKA consensus sites in murine UT-A3 does not alter urea transport ) but H89 blocks the AVP stimulation of urea transport through murine UT-A3 (Stewart et al. 2007 ).
UT-A3 has a single glycosylation site at N279 and mutation of this site reduces forskolin-stimulated membrane expression and urea transport (Qian et al. 2016) . Sialylation of the mature glycosylated UT-A3 by sialyltransferase increases protein stability, cell surface expression, and urea transport activity via a PKA pathway (Qian et al. 2016 ).
UT-B1
UT-B1 is expressed in red blood cells (Olives et al. 1995) and the endothelial cells of the DVR (Fig. 6) , and is phloretin inhibitable (Lim et al. 2006; Xu et al. 1997) . The AVR lack UT-B1 but are fenestrated and thus permeable to urea (Kriz 1981; Pallone et al. 2012) . The AVR take up urea that is delivered to the IM from the CDs into the plasma and red blood cells and much of this urea is then recycled back to the IM by re-entering the DVR via UT-B1 or the DTLs via UT-A2 (Yang and Bankir 2005; Pallone et al. 2012) . UT-B knockouts display impaired urea recycling with increased blood urea and decreased urinary urea (Yang et al. 2002) .
Regulation of UT-B1
Brattleboro rats treated chronically with dDAVP or AVP have increased UT-B1 mRNA in the OM and the IM base, but decreased UT-B1 mRNA in the IM tip (Promeneur et al. 1998) . A study by Trinh-Trang-Tan et al. (2002) confirmed that protein expression of UT-B1 in the IM of Sprague-Dawley rats decreased after a long-term infusion of dDAVP. Compared to controls, UT-B1 protein in the medulla (inner and outer combined) was higher in dehydrated rats and lower in hydrated rats (Lim et al. 2006 ). More recently, Wang et al. (2016b) suggested that miRNA (miR-200c) may have a role in the regulation of UT-B1 expression. They examined the IM and OM of dehydrated mice and reported that miR-200c increased and UT-B1 protein abundance decreased in the IM while in the OM, miR-200c decreased and UT-B1 protein increased.
Urea transporter variants and alternatives
Studies in the chinchilla Knepper 1992, 1993) and Munich-Wistar rat (Nawata et al. 2014) show high urea permeability in the inner medullary thin limb segments where no known urea transporters have been identified. The mRNA of UT-A2 variants and the sodium-glucose transporters SGLT1a (Slc5A1) and NAGLT1 (Slc59A2) were identified in the thin limbs in the IM of the Munich-Wistar rat (Nawata et al. 2015) . These transcripts were modulated by water restriction and their proteins facilitated urea transport when expressed in Xenopus oocytes. It is not known if these or other transporters that transport urea, such as AQPs , transport urea in vivo. The possibility that other transcellular or paracellular urea pathways exist in the IM can also not be ruled out.
Sodium transporters in the TAL
NKCC2
The reabsorption of NaCl by the TALs serves to dilute the TAL fluid as well as generate an osmotic gradient in the OM (Burg 1982) . The TAL reclaims 15-20% of the NaCl filtered at the glomerulus (Hebert and Andreoli 1984) and NKCC2 serves as the major entry point for NaCl in the TAL (Greger and Velazquez 1987) . The importance of NKCC2 in salt reabsorption and urine concentration is demonstrated in Barrter's syndrome type I. Mutations of NKCC2 prevent or reduce salt reabsorption from the TALs causing severe polyuria and salt wasting, among other symptoms (Bartter et al. 1998; Castrop and Scheißl 2014) .
NKCC2 is located in the apical plasma membrane and subapical intracellular vesicles of the TAL (Nielsen et al. 1998) (Fig. 6) (Mount 2014) (Fig. 8) .
Apical membrane NKCC2 levels are kept at steady state by endocytosis, exocytic delivery and recycling (Ares et al. 2011) . Vesicle-associated membrane protein 2 mediates cAMP-stimulated NKCC2 exocytotic delivery and surface expression in the TALs, and constitutive exocytotic delivery is mediated by vesicle-associated membrane protein 3 (Caceres et al. 2016) .
NKCC2 is regulated by a number of hormones and mediators [reviewed by Castrop and Schießl (2014), Mount (2014) ] but AVP is the most studied regulator (e.g., Bertuccio et al. 2002; Kim et al. 1999; Knepper et al. 1999; Kortenoeven et al. 2015) . AVP has both short-term and longterm effects on NKCC2. Acute application of AVP increases NaCl transport (Besseghir et al. 1986 ) and increases total NKCC2 abundance without increasing mRNA levels (Mutig et al. 2007 ). It also enhances phosphorylation (Gunaratne et al. 2010; Mutig et al. 2007 ) which is mediated by adenylyl cyclase 6 (Reig et al. 2013) , and stimulates the exocytosis of NKCC2 proteins from subapical vesicles to the plasma membrane (Ares et al. 2011) . Water restriction increases abundance of NKCC2 as does dDAVP infusion in Brattleboro rats . Transgenic suppression of AVP-V2R signaling in rats decreases NKCC2 abundance, phosphorylation, and surface expression in the TAL (Mutig et al. 2016) . Additionally, these rats lacking AVP-V2R signaling have baseline polyuria and a urine-concentrating defect in response to water deprivation.
NHE3
Na + /H + exchanger 3 (NHE3) is expressed in the apical membrane of the TALs where it mediates bicarbonate reabsorption (Amemiya et al. 1995; Mount 2014) . NHE3 knockout studies also indicate a role for NHE3 in urine concentration . NHE3, therefore, serves as a possible alternate entry point for Na + into the TAL . However, Na + also enters paracellular pathways (Fig. 8) in the TAL epithelium to balance Na + and Cl − transport (Hebert and Andreoli 1984; Mount 2014) . NHE3 activity is decreased by AVP (Good 1990) the inhibitory effect of phosphorylation at S552 (Gunaratne et al. 2010; Zhao et al. 1999 ).
Na
+ -K + -ATPase Na + -K + -ATPase is responsible for net Na + reabsorption in the kidney as demonstrated in a study by Garg et al. (1981) that showed good correlation between Na + -K + -ATPase activity and net Na + transport rate in different nephron tubule segments including the TAL. Short-term administration of AVP, cAMP analogs, or forskolin stimulate Na + -K + -ATPase in the medullary TAL (Kiroytcheva et al. 1999; Kortenoeven et al. 2015) . Dehydration increases Na + -K + -ATPase activity in the medullary TAL of rats as does acute exposure of the TALs to a hypertonic medium (Sakuma et al. 2005) . Inhibition of V2R results in decreased activity and expression of Na + -K + -ATPase in the OM of rats (Bertuccio et al. 2002) .
Conclusion and perspectives
Although our understanding of urine concentration is not yet complete, modeling and imaging studies are elucidating the role of medullary architecture, and molecular investigations are revealing the mechanisms involved in membrane transport. Recently, Chou et al. (2018) identified proteins that interact with AQP2 and UT-A1 in rat IMCD cells. Interactomes such as these as well as transcriptomes of individual cell types like that recently described for mouse CDs by Chen et al. (2017) will provide further information that can be incorporated into mathematical models. The role of paracellular transport is also gaining attention with recent studies highlighting roles for a paracellular Na + permeation pathway in the ATLs (Sonntag et al. 2018 ) and paracellular water permeation in the TALs (Gong et al. 2017) . These types of studies as well as others that embrace a greater variety of animal species will provide further insights into the workings of urine concentration in mammals.
